Citation: KRYLOV, V.V., 1996. Vibrational impact of high-speed trains. I.
This item was submitted to Loughborough's Institutional Repository (https://dspace.lboro.ac.uk/) by the author and is made available under the following Creative Commons Licence conditions.
For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/
INTRODUCTION
In today's world, the railways have become one of the most advanced and fast developing branches of transportation. 1, 2 The reasons are: the relatively low air pollution per passenger, compared to motorcars, and the very high speeds achievable by the most advanced modern trains, e.g., French TGV trains for which maximum speed of more than 515 km/h was recorded in May 1990. Prospective plans for the year 2010 assume that the New European Trunk Line will have connected Paris, London, Brussels, Amsterdam, Cologne, and Frankfurt by a high-speed railway service that will provide fast and more convenient passenger communications within Europe.
Unfortunately, the increased speeds of modern trains are likely to increase levels of associated noise and vibration that are significant even for conventional railways. [3] [4] [5] [6] [7] [8] [9] [10] Although a number of experimental and theoretical investigations of generated ground vibrations have been carried out for conventional passenger and heavy-freight trains traveling both above-and underground, [4] [5] [6] [7] [8] [9] [10] very little has been done, so far, with regard to vibrations from high-speed trains. Theoretical investigations of such kind have been recently undertaken by the present author. 10, 11 It has been shown in Refs. 10 and 11 that high-speed trains are generally accompanied by higher levels of generated ground vibrations. An especially large increase in vibration level ͑more than 70 dB, as compared to conventional trains͒ may occur if train speeds exceed the velocity of Rayleigh surface waves in the ground c R ͑such trains are called ''trans-Rayleigh trains'' in this paper͒. The condition Ͼc R , which is similar to that of supersonic jets, can be met, e.g., by French TGV trains traveling along tracks placed on relatively soft grounds.
In the present paper, we examine the effect of one of the possible implications of the dynamic behavior of the trackthe dispersive bending waves freely propagating in the track/ ground system-on the shapes of track deflection curves and eventually on generating ground vibrations. So far, the influence of these waves has not been taken into account in the problem under consideration. 10, 11 This is quite true for conventional trains traveling at speeds which are much lower than critical velocities of track bending waves. However, for high-speed trains the influence of critical track-wave velocities might become essential, resulting in noticeable modification of generated ground vibration spectra.
In the following sections we describe the dynamics of track deflection as a result of impact of moving axle loads. Then we introduce the Green's function approach to the calculation of railway-generated ground vibrations and derive analytical expressions for ground vibration spectra which take into account the effect of bending waves propagating in the system track/ground. Finally, we discuss the results of the numerical calculations of ground vibration spectra generated by single-axle loads traveling at different speeds and by complete TGV or Eurostar high-speed trains.
I. GENERATION MECHANISM

A. General remarks
As has been demonstrated experimentally for conventional trains, 3, 4 there are several mechanisms of generating ground vibrations which may contribute to the total ground vibration level in different frequency bands. Among these mechanisms one can mention the wheel-axle pressure onto the track, the effects of joints in unwelded rails, the unevenness of wheels or rails ͑all these mechanisms cause vibrations at train-speed-dependent frequencies͒, and the dynamically induced forces of carriage and wheel-axle bending vibrations excited mainly by unevenness of wheels and rails ͑these occur at their natural frequencies͒. The most common generation mechanism is a pressure of wheel axles onto the track. It always persists, whereas all other mechanisms may be eliminated ͑at least in theory͒ if rails and wheels are ideally smooth and no carriage or wheel-axle bending vibrations occur. For very high-quality tracks and wheels, the wheelaxle pressure mechanism is probably a major contributor to train-speed-dependent components of the low-frequency vibration spectra ͑up to 50 Hz͒, including the so called sleeper passing frequency ͑or simply passage frequency͒ f p ϭ/d, where is the train speed and d is the distance between sleepers. In this paper we consider contribution of the wheelaxle pressure mechanism only, assuming that rails and wheels are ideally smooth and no carriage or wheel-axle vibrations are excited.
Let us consider a train having N carriages and moving at a speed on a perfectly welded track with a sleeper periodicity d ͓Fig. 1͑a͔͒. The wheel-axle pressure generation mechanism being considered results in downward deflections of the track beneath each wheel axle ͓Fig. 1͑b͔͒. These deflections produce a wave-like motion along the track moving at a speed and result in the distribution of the axle load over the sleepers involved in the length of the track deflection bowl. [8] [9] [10] [11] Thus each sleeper acts as a vertical force applied to the ground during the time necessary for a deflection curve to pass through the sleeper. These result in the generation of ground vibrations by passing trains: Since in the considered frequency band, ͑up to 50 Hz͒ the characteristic wavelengths of generated elastic waves are much larger than the sleeper dimensions, each sleeper can be regarded as a point vertical force. The problem then requires superposition of the elastic fields radiated by all sleepers due to the passage of all wheel axles ͓Fig. 1͑c͔͒.
B. Dynamic calculation of track deflection curves
An important aspect of the above-discussed wheel-axle pressure mechanism is the calculation of the track deflection curve as a function of the elastic properties of track and soil and of the magnitude of the axle load. The form and magnitude of the deflection curve determine ground vibration frequency spectra generated by each sleeper. In turn, these spectra strongly affect the resulting ground vibration spectrum generated by a passing train.
Since the track deflection distance is usually greater than the distance between sleepers, one can ignore the influence of rail periodic support by sleepers in the problem of track deflection under the impact of a moving load. Instead we treat a track ͑i.e., two parallel rails with periodically fastened sleepers͒ as an Euler-Bernoulli elastic beam of uniform mass m 0 lying on an elastic or viscoelastic half-space zϾ0. For simplicity we assume that the uniform mass m 0 of the beam is formed entirely by the track ͑i.e., by rails and sleepers only͒, although, in practice, an adhered layer of ballast may form an additional mass which might result in the reduction of track wave velocities ͑see below͒.
For high-speed trains, which are the subject of this paper, it may happen that train speeds become of the same order as the minimal phase velocity c min of dispersive bending waves propagating in the system track/ballast. In this case one can expect that dynamic effects associated with these waves will play a noticeable role in It is useful first to consider free-wave propagation in the supported beam, i.e., to analyze ͑1͒ with the right-hand side equal to zero. In this case, substitution of the solution in the form of harmonic bending waves wϭA exp(ikxϪit) into ͑1͒ gives the following dispersion equation for track waves propagating in the system:
͑2͒
In the quasistatic ͑long-wave͒ approximation ͑k→0͒, the dispersion equation ͑2͒ reduces to the well-known expression for the so-called track on ballast resonance frequency: tb ϭ␣ . It is seen from ͑4͒ that if the train speed approaches the minimal phase velocity of free track waves c min , then ␦→0 and the amplitude w in ͑4͒ goes to infinity, demonstrating a resonance behavior. The infinite value of track deflection at resonance reflects limitations of the linear elastic model considered ͑in this paper we discuss only the case Ͻc min ͒. For typical parameters of track and ballast mentioned above, the value of c min is essentially larger than even the highest train speed ͑ϭ515 km/h͒. However, for specially designed vibro-isolated floated tracks, or for soft marshy or sandy soils in the absence of ballast, the value of c min may be much lower.
The forms of a deflection curve w(x) calculated according to Eq. ͑4͒ for Ͻc min are shown in Fig. 2 for the axle load Tϭ100 kN and for the values of train speed equal to 0, 69, 138, 300, and 320 m/s ͑curves w1-w5, respectively͒. One can see that the curves corresponding to the first three values of train speed ͑i.e., up to 500 km/h͒ are almost indistinguishable. Only for train speeds approaching the minimal ͑critical͒ track wave velocity c min ϭ326 m/s, a significant difference occurs.
After the track deflection curve has been determined, each sleeper should be considered as a vertical concentrated force applied to the ground surface zϭ0, with time dependence determined by the passage of the deflection curve through the sleeper. For a sleeper located at xϭ0, this force may be written in the form
where w max is the maximal value of w(t). Terms on the right of T take into account the distribution of axle load between sleepers within the deflection curve. To derive ͑5͒, one should use the force balance equation which determines the effective number of sleepers N eff equalizing the applied axle load T:
here m denotes a number of a current sleeper. The numerical solution of Eq. ͑6͒ shows that for ␤␦ within the range of interest ͑from 1 to 2 m Ϫ1 ͒, the value of N eff may be approximated by a simple analytical formula N eff ϭ/2␤␦dϭx 0 /2d, which gives Eq. ͑5͒ after replacing in w(x) the argument x by t.
The corresponding forces P applied from each sleeper to the ground are shown in Fig. 3 as functions of t for the same parameters as in Fig. 2 ͑curves P1-P5͒. In all cases of essential influence of the dynamic effects, the characteristic track deflection distance, determined as x 0 ϭ/␤␦, is increased as compared to the quasistatic case ͑x 0 ϭ/␤͒.
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This results in a larger number of sleepers N eff involved in a deflection area ͑N eff ϭx 0 /2dϭ/2␤␦d͒ and in smaller values of the forces applied from each sleeper to the ground. In addition to this, as train speeds approach the minimal track wave velocity c min , these forces undergo a number of oscillations at the circular frequency ϭ␤ϭ␤͑1ϩ . This may result in distortions of generated ground vibration spectra at the upper frequency bands. 
II. GREEN'S FUNCTION FORMALISM
A. The Green's function for an elastic half-space
The physical meaning of the Green's function for the problem under consideration is that it describes ground vibrations generated by individual sleepers which can be regarded as point sources in the low-frequency band. To derive the corresponding Green's function, one can make use of the results from the well-known axisymmetric problem for the excitation of an elastic half-space by a vertical point force applied to the surface ͑at the low-frequency band considered, we neglect the influence of a thin ballast layer on elastic wave propagation͒. The solution of this problem gives the corresponding components of the dynamic Green's tensor ͑or, for simplicity, the Green's function͒ G zi for an elastic half-space. This function satisfies the dynamic equation of elasticity for a half-space and the boundary conditions on the surface. The solutions of this and related problems of an elastic half-space excitation by different load forces, whether using the terminology of Green's function or otherwise, have been considered by many authors beginning with H. Lamb. 15 Different methods of solution of the Lamb's problem, both in time and frequency domains, are reviewed in the books. 16, 17 In what follows, only Rayleigh surface waves ͑the Rayleigh part of the Green's function͒ are considered since Rayleigh waves transfer most of the vibration energy to remote locations. For these waves the Fourier transform of the vertical component of ground vibration velocity at zϭ0 may be written in the form ͑see also Ref. 9͒
where
here P͑ ͒ϭ ͩ 
taken at kϭk R , and ␥ is the ground attenuation constant defined via replacing 1/c R in the exponential of the Green's function for ideally elastic medium by the complex value 1/c R ϩi␥/c R , where ␥ϭ0.001-0.1 describes the ''strength'' of dissipation of Rayleigh waves ͓Eq. ͑7͒ implies a linear frequency dependence of soil attenuation, in agreement with the experimental data [18] [19] [20] ͔. The factor 1/ͱ in ͑7͒ describes cylindrical spreading of Rayleigh waves with propagation distance.
It is seen from ͑7͒ and ͑8͒ that the Fourier transform P͑͒ plays an important role in determining spectra of radiated waves. Taking the Fourier transform of ͑5͒ and ͑4͒ and using the expression x 0 ϭ/␤␦, one can easily obtain the corresponding formula for P͑͒ which takes into account the effect of track bending waves:
In the quasistatic limit, v/c min →0 resulting in ␦→0 and →1, Eq. ͑10͒ goes over to the corresponding quasistatic expression for P͑͒. 9, 11 To describe the Fourier transform of the force applied from each sleeper to the ground for successive passage of two axle loads separated by the distance a ͑the case of a bogie͒, P b ͑͒, one should use the following obvious relationship between P b ͑͒ and P͑͒ 9 :
B. Ground vibrations from complete trains
To calculate the ground vibration field radiated by a complete train requires superposition of fields generated by
Using the Green's function this may be written in the form [9] [10] [11] 
͑12͒
where P(xЈ,yЈ,) describes the space distribution of all load forces acting along the track in the frequency domain. This distribution can be found by taking a Fourier transform of the time-and space-dependent load forces applied from the track to the ground.
To take account of all axles and carriages, one needs the following load forces function:
here N is the number of carriages, M is the distance between the centers of bogies in each carriage, and L is the total carriage length. Dimensionless quantity A n is an amplitude weight factor to account for different carriage masses. For simplicity we assume all carriage masses to be equal ͑A n ϭ1͒.
Taking the Fourier transform of ͑13͒, substituting it into ͑12͒, and making simple transformations, we obtain the following expression for the frequency spectra of vertical vibrations at zϭ0, xϭ0, and yϭy 0 generated by a moving train:
The summation over m in ͑13͒ and ͑14͒ considers an infinite number of sleepers. However, the contribution of remote sleepers is small because of soil attenuation and cylindrical spreading of Rayleigh waves, and a few hundred sleepers are adequate for practical calculations.
III. SPECTRA OF GENERATED GROUND VIBRATIONS
A. Conventional trains
For conventional trains (vӶc R ), it follows from Eq. ͑14͒ that spectra of generated ground vibrations are quasidiscrete, with the maxima at frequencies determined by the condition (/v)(mdϩnL)ϭ2l, where lϭ1,2,3,... . Obviously, nϭ0 corresponds to the passage frequencies f p s, where f p ϭv/d and sϭ1,2,3,. .. . Other, more frequent, maxima are determined either by the carriage length L ͑mϭ0͒ or by a combination of both parameters ͑for n 0, m 0͒.
There
The most important zeros are those which do not depend on the number of sleepers or carriages and are determined only by the geometrical parameters of a carriage. For example, one of these zeros is determined by the distance a between the wheel axles in a bogie ͓see Eq. ͑11͒ for the spectrum P b ͔. Setting P b to zero, one can obtain f z ϭ(v/a)(nϩ1/2) for zero frequencies. If, for instance, we want to use this condition to suppress one of the train passage frequencies f p s, we should choose f z to be equal to f p s. It follows from this that the value of a should be selected as aϭ(d/s)(nϩ1/2). Other important zero frequencies reflect the distance M between bogies in a carriage. The above-written suppression condition may be applied for this case as well if to replace a by M .
B. Trans-Rayleigh trains
The general expression ͑14͒ derived above is applicable to trains moving at arbitrary speeds. However, for the specific case of ''trans-Rayleigh trains,'' i.e., trains traveling at speeds higher than the Rayleigh wave velocity in the ground, an additional analytical treatment is useful to elucidate the special features of the problem and to clarify the time and space distributions of radiated waves.
We first consider the vibration field generated by a single load ͑Nϭ1, M ϭ0, Lϭ0, aϭ0͒ moving at speed v through a part of a track having a small number of sleepers 2Qϩ1. Let ͒ the expression for m can be simplified as follows:
where cos ⍜ϭx/R ͑here ⍜ is the observation angle͒. Substitution of Eq. ͑15͒ into ͑14͒, with a limited number of sleepers being taken into account, gives the following expression for the vertical component of ground vibration velocity:
where we have neglected the small term md cos ⍜ in the denominator. It is seen from ͑16͒ that maximum radiation of ground vibrations takes place if the train speed v and the Rayleigh wave velocity c R satisfy the relation
which is similar to the conditions of Mach or Cherenkov radiation. This relation means that elastic fields radiated by all sleepers activated by a moving load are combined in phase at the point of observation. Since the radiation angle ⍜ should be real ͑cos ⍜р1͒, the train speed should be larger than Rayleigh wave velocity c R . In this case the ground vibrations are generated as cylindrically attenuated Rayleigh surface waves ͓factor (R) 1/2 in the denominator͔ symmetrically propagating at angles ⍜ with respect to the track, and with amplitudes much larger than for ''sub-Rayleigh trains.'' All principal features of the above remain valid also for tracks with an infinite number of sleepers. As was shown in an earlier paper, 9 dissipation of Rayleigh waves in the ground and their geometrical attenuation ͓factors m 1/2 in the denominator of ͑14͔͒ mean that normally, only about 200 sleepers need to be considered. Since, in this case, one usually deals with the near field of radiating track, the analytical description is very bulky ͑like in the Fresnel zone of classical flat radiators͒, and it is preferable to use direct numerical calculations of formula ͑14͒ with the exact expression for the distances m .
The amplitudes of railway-generated ground vibrations for Ͼc R are determined by two features. The first is that under this condition the surface waves radiated by different sleepers are combined in phase. Therefore, an increase by the number of effectively radiating sleepers of the track, i.e., about 200 times, can be expected, compared to the average vibration level for conventional trains. The second feature is the dependence of the function P͑͒, determined by Eq. ͑10͒, on train speed . The analysis shows that function P(,F), where Fϭ/2, provides an average increase of about ten times for ϭ138.8 m/s ͑500 km/h͒, compared with ϭ13.88 m/s ͑50 km/h͒. Thus a total increase of ground vibration amplitudes by 1000-2000 times ͑60-66 dB͒ can be expected for the case of trans-Rayleigh trains.
It is interesting to note that, according to Eq. ͑16͒, the amplitudes of the generated vibration field radiated at angles ⍜ϭarccos͑c R /͒ depend neither on the periodicity of sleepers d nor on their number 2Qϩ1. They are determined only by the track distance considered. In fact, since the summation in ͑16͒ gives 2Qϩ1 in this case and V͑͒ is proportional to d, the value of z (x,y,) is proportional to the distance Sϭ(2Qϩ1)d. Note that this dependence remains valid also for the limiting case d→0, for constant track distance S. This is easy to prove by replacing the sum in Eq. ͑16͒ by the integral ͑for simplicity we neglect the ground attenuation͒:
where discrete distance md has been replaced by and sleeper spacing d by differential d. Since V()ϳd, we obtain that for cos ⍜ϭ/c R , the value of z (x,y,) is proportional to S. This means that radiation of ground vibrations by trans-Rayleigh trains may take place also on tracks without sleepers. Note however that, for conventional low-speed trains ͑Ӷc R ), the exponential function inside the integral in ͑18͒ oscillates quickly and for large S and / the integral value is close to zero, indicating that ground vibrations in the form of waves are almost not generated. This agrees with the well-known result of the elasticity theory 21 that, for loads moving along a free surface of an elastic half-space at speed Ͻc R , radiated wave fields do not exist ͑only localized quasistatic fields will accompany the moving load͒. Thus the presence of sleepers is essential for generating ground vibrations by conventional trains due to the mechanism of wheelaxle pressure considered here. Numerical calculations show that change of d to smaller values results in noticeable reduction in high-frequency components of generated ground vibration spectra.
C. Results of the numerical calculations
Computation of ground vibrations generated by highspeed trains have been carried out according to Eq. ͑14͒ for different values of train speed , track wave critical velocity c min , number of sleepers being taken into account 2Qϩ1, and for different geometrical and physical parameters of both track and train. Summation over m in Eq. ͑14͒ was carried out from mϭϪQ to mϭQ. In the majority of calculations the chosen value of Q in Eq. ͑14͒ ͑Qϭ150͒ was such that the respectively, ϭ50 km/h and ϭ500 km/h. The area of the ground surface considered is 48 mϫ48 m. To demonstrate the formation of wave fields for both speeds, a small part of the track with just ten sleepers located in the center of the area has been considered. The Rayleigh wave velocity c R was set as 125 m/s, ␤ϭ1.28 m
Ϫ1
, and ␥ϭ0.
It is clearly seen that at low train speeds ͑a͒ the waves are radiated in almost all directions, whereas at transRayleigh speeds ͑b͒ the generated wave field is concentrated mainly in the direction of a train movement, occupying the sector roughly determined by the angles ⍜ϭarccos͑c R /͒ with respect to the track. The amplitudes of generated waves are approximately 1000 times larger in ͑b͒ than in ͑a͒ as can be seen from the vertical scales in the figures.
The spatial distribution of the ground vibration field generated by an axle load moving at trans-Rayleigh speed along a part of the track with 100 sleepers ͑instead of 10͒ is shown in Fig. 4͑c͒ . It is seen that the effect of a larger number of radiated sleepers is to produce a very high directivity of ground vibration radiation. The vibration field consists of almost perfect plain waves propagating at the angles ⍜ϭarccos͑c R /͒ with respect to the track.
The ground vibration spectra ͑in linear units, relative to the reference level of 10 Ϫ9 m/s͒ generated by a single axle load moving at speeds ranging from 10 to 320 m/s are shown in Figs. 5 and 6, respectively, for quasistatic and dynamic calculations in the forms of surface ͑a͒ and contour ͑b͒ graphs. The value of ground attenuation was ␥ϭ0.05. The results are shown for the frequency band 2-50 Hz; the units of calculation are ⌬ϭ10 m/s and ⌬Fϭ1 Hz.
Comparison of Figs. 5 and 6 shows that the effects of track dynamics occur only for train speeds approaching the critical track wave velocity ͑c min ϭ326 m/s͒ and reveal in reduction in spectral amplitudes of generated ground vibrations ͑see Fig. 6͒ .
Ground vibration spectra generated by French TGV or Eurostar trains consisting of Nϭ5 equal carriages of length Lϭ18.9 m are shown in Fig. 7 in the frequency band 2-50 Hz for three sub-Rayleigh values of a train speed: ϭ50 km/h ͑curve Vz1͒, ϭ150 km/h ͑curve Vz2͒, and ϭ250 km/h ͑curve Vz3͒. The Rayleigh wave velocity in the ground was c R ϭ125 m/s ͑450 km/h͒, and the soil attenuation coefficient has been set as ␥ϭ0.05. Since the bogies of TGV and Eurostar trains have a wheel spacing of 3 m and are placed between carriage ends, i.e., shared between two neighboring carriages, to use Eq. ͑14͒ one should consider each carriage as having one-axle bogies ͑aϭ0͒ separated by the distance M ϭ15.9 m. Other parameters used in the calculations were Tϭ100 kN, ␤ϭ1.28 m
, and y 0 ϭ30 m. The behavior of the curves Vz1-Vz3 shows that, although for higher values of train speed the peaks of ground vibrations corresponding to sleeper passage frequencies go out of the frequency band considered, the average level of vibration increases with increase of . This is also seen in Fig. 8 which displays the amplitude of 1 3 -oct spectral component of ground vibrations generated by the same TGV or Eurostar trains at the central frequency of 25 Hz as a function of train speed . The sharp peak around ϭ20 m/s relates to the sleeper passage frequencies. Figure 9 illustrates the ground vibration spectra ͑in dB, relative to the reference level of 10 Ϫ9 m/s͒ generated by TGV or Eurostar trains consisting of Nϭ5 equal carriages FIG. 7 . Ground vibration spectra ͑in dB, relative to the reference level of 10 Ϫ9 m/s͒ generated by French TGV or Eurostar trains comprising Nϭ5 equal carriages for three sub-Rayleigh values of train speed: ϭ50 km/h ͑curve Vz1͒, ϭ150 km/h ͑curve Vz2͒, and ϭ250 km/h ͑curve Vz3͒.
for both sub-Rayleigh and trans-Rayleigh train speeds: respectively, ϭ50 km/h ͑curve Vz1͒ and ϭ500 km/h ͑curve Vz2͒. The Rayleigh wave velocity in the ground was c R ϭ125 m/s ͑450 km/h͒, the critical track wave velocity had a value c min ϭ326 m/s ͑1173.6 km/h͒, and the soil attenuation coefficient was ␥ϭ0.05. Other parameters used in calculations were Tϭ100 kN, ␤ϭ1.28 m
, and y 0 ϭ30 m. One can see that the averaged ground vibration level from a train moving at trans-Rayleigh speed 500 km/h ͑138.8 m/s͒ is approximately 70 dB higher than from a train traveling at speed 50 km/h ͑13.8 m/s͒. This very large increase in ground vibration level agrees well with the general analytical estimates given in the previous sections and with the numerical results obtained for a single-axle load ͑Figs. 5 and 6͒.
Influence of soil attenuation on ground vibration spectra generated by TGV or Eurostar trains traveling at speed 500 km/h is shown in Fig. 10 for three values of attenuation coefficient: ␥ϭ0.005 ͑curve Vz1͒, ␥ϭ0.015 ͑curve Vz2͒, and ␥ϭ0.045 ͑curve Vz3͒. Other parameters are the same as in Fig. 9 .
According to Fig. 10 , for very low soil attenuation ͑␥ ϭ0.005͒ the peak levels of ground vibrations generated by trans-Rayleigh TGV trains can be as high as 140 dB ͑relative to 10 Ϫ9 m/s͒. This corresponds to ground vibration velocities of about 10 mm/s. Vibrations of such a high level may even cause damage to nearby properties. Finally, Fig. 11 illustrates the effect of reducing the critical track wave velocity c min , e.g., by making use of softer or thinner ballasts, on generating ground vibration spectra by TGV or Eurostar trains comprising five equal carriages and traveling at speed 500 km/h. Calculations were carried out for c min ϭ326 m/s ͑curve Vz1͒ and c min ϭ140 m/s ͑curve Vz2͒; other parameters were the same as in Fig. 10 . One can see that a lower critical track wave velocity corresponds to lower values of generated ground vibration spectra, in agreement with the results obtained for a single moving load ͑Fig. 6͒. Thus using appropriate artificial reduction of minimal track wave velocities, e.g., by applying softer ballast or rubber pads, one could significantly reduce the ground vibration levels.
D. Discussion
One must keep in mind that, although taking into account effects of track dynamics, the model used in this paper remains highly idealized. Here we discuss some possible reasons why the predicted ground vibration spectra from highspeed trains may differ from those observed. First of all, we did not consider influence of a layered structure of the ground which is present in most practical situations. We recall that in layered media Rayleigh waves become dispersive, i.e., their phase velocity c R is a function of frequency: c R ϭc R (). Since a shear modulus of the ground normally has higher values at larger depths, this will cause an increase of Rayleigh wave velocities at lower frequencies associated with deeper penetration of surface wave energy into the ground. This may violate the transRayleigh condition Ͼc R and cause significant reduction in low-frequency components of ground vibration spectra generated by high-speed trains. The problem of vibrational impact of high-speed trains on layered grounds deserves special attention and will be considered in a separate paper. Meanwhile, we point out that the model of a homogeneous elastic half-space, used above, is applicable for practical situations if the upper layers have thickness larger than the Rayleigh wavelength at given frequency. For example, if the upper layer of thickness 10 m is characterized by shear wave velocity of 140 m/s, the model of a homogeneous half-space is applicable for frequencies above 11 Hz.
Another possible reason why the predicted very large increase of 70 dB may not be observed is that the wheel-axle pressure mechanism of ground vibration generation may not dominate in the present normal rolling stock. If other possible generation mechanisms mentioned in Sec. I A do prevail, then the expected averaged increase in ground vibration level should be reduced roughly down to ͑70ϪI͒ dB, where Iϭ20 log͑A oth /A wp ͒ determines the relation ͑in dB͒ between the ground vibration amplitudes due to the wheel-pressure mechanism ͑A wp ͒ and other ͑A oth ͒ mechanisms of generation.
Finally, it should be mentioned that we did not consider possible influence of bulk compressive and shear elastic waves ͑P and S waves͒, radiated into the bulk of the ground, on the total level of ground vibrations generated by highspeed trains. Obviously, radiated P and S waves can also be significantly amplified if the train speeds are high enough so that the conditions Ͼc t or even Ͼc l hold, in addition to the trans Rayleigh condition Ͼc R considered so far ͑we recall that c R Ͻc t Ͻc l ͒. In such cases these waves will be radiated into the ground as conical Mach waves propagating at the angles ⌰ t ϭarccos͑c t /͒ and ⌰ l ϭarccos͑c l /͒ relative to the track, in addition to Rayleigh waves radiated as quasiplane waves along the surface at the angles ⌰ϭarccos͑c R /͒.
From the point of view of radiated energy, all these waves, being dependent on work done by axle loads on track/ground deformation, are not related to each other. This is why the increase in amplitudes of one type of wave due to changing train velocity will not affect the others. A certain FIG. 9 . Ground vibration spectra ͑in dB, relative to the reference level of 10 Ϫ9 m/s͒ generated by TGV or Eurostar trains consisting of Nϭ5 equal carriages for both sub-Rayleigh and trans-Rayleigh train speeds, respectively: ϭ50 km/h ͑curve Vz1͒ and ϭ500 km/h ͑curve Vz2͒. theoretical possibility of the influence of radiated bulk waves on generating Rayleigh waves may be related to the fact that all these waves cause influence on the rolling friction applied to the train. The increase of radiated wave energy due to the opening of additional radiation channels ͑conical P and S waves͒ may result in an increase of rolling friction, thus limiting train speed, and hence, the amplitudes of all generated waves ͑if additional locomotive power is not involved͒. Such influence, however, seems not to be essential in comparison with possible direct contribution of radiated bulk waves to the total ground vibration field.
The most likely contribution might be that of radiated S waves since their velocity c t , being only about 10% higher than the velocity of Rayleigh waves, can be more easily achieved by moving trains than the velocity of P waves c l .
In the presence of a layered structure in the ground, the S waves initially radiated into the bulk at the angles ⍜ t ϭarccos͑c t /v͒ relative to the track, may experience total internal reflection on the layer boundaries and return to the surface, thus contributing to the total ground vibration field. Repeated reflections from the ground surface and from the layer bottom may cause a waveguide propagation of S waves that may affect the vibration field in relatively remote locations. Another possible influence of effectively generated shear waves on the total ground vibration field may occur for high-speed underground trains. In this case the contribution of bulk shear waves is often more essential than that of Rayleigh waves. 22 Both of these cases, however, need special attention and will be considered elsewhere.
IV. CONCLUSIONS
High-speed trains are generally accompanied by increased levels of generated ground vibrations. An especially large increase in ground vibration amplitudes occurs for trans-Rayleigh trains, i.e., for trains traveling at speeds larger than Rayleigh wave velocity in the ground. Calculations performed for French TGV or Eurostar trains show that the average increase of about 70 dB may take place as compared with conventional trains.
The effect of track bending waves may cause noticeable reduction in amplitudes of ground vibrations generated by trans-Rayleigh trains if train speeds approach the minimal phase velocity of track bending waves. Note that minimal phase velocities of bending waves propagating in the system track/ground are usually much higher than speeds achieved by modern high-speed trains. Nevertheless, using appropriate artificial reduction of minimal track wave velocities in the FIG. 10 . Effect of soil attenuation constant ␥ on ground vibration spectra ͑in dB, relative to the reference level of 10 Ϫ9 m/s͒ generated by TGV or Eurostar trains comprising Nϭ5 equal carriages and traveling at trans-Rayleigh speed ϭ500 km/h. The results are shown for ␥ϭ0.005 ͑curve Vz1͒, ␥ϭ0.015 ͑curve Vz2͒, and ␥ϭ0.045 ͑curve Vz3͒. most vulnerable parts of the train rout, e.g., by applying softer ballasts or rubber pads, one could reduce generated ground vibrations.
Although trans-Rayleigh trains can generate very intensive ground vibrations, this may not happen everywhere. Fortunately, soils with comparatively low Rayleigh wave velocities ͑around 100 m/s͒ are uncommon, the most typical range of c R values being 250-500 m/s. Nevertheless, the designers and builders of tracks for high-speed trains should be aware of the potential risk of excessive ground vibrations associated with such trains.
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